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. INTRODUCTION

' 1 Soma defects of wrbulance modals

I has become customary amcng engineers and others concerned
with practicat {low and .aeat-transier predictions to use “turbulence
models®. le sels of equallons which purport. when coupled with
the equations of mean motlon. to describe such statistically
significant proparties as the “eflective viscosity®. “length scale® and
“energy”. Most frequently used are those models employing two
partlal diiferential equations, the dependant varlables of which are.
for axampla. the turbulence enorgy. k. and the dissipation rate e.

Although valuable service has -baeen performed by such modols.
thelr prediclive ablity is far from mestling all demands. A belef list
of thelr shoricomings Is:

{a) The “intermiltancy” of turbuient {low. eaviden! io all who look
percepiively at. for example. automobilo-exhaust piumes. Is
teft out ol account.

(b) Attempls 1o extend the models to chemicslly-reacting flows
have had litlle success. because chemicsl reacilons takn
place In roglons of steep gradients which lind no expression
in the equatlions employed.

(c) Empirical and non-general corrgctions have had 1o be made

' to the “constanis™ of the equations In order to bring thair
pradiclions Into line with experimental evidence regarding the
influences of mean-sireamiine curvature and of Interactions
beiween gravitational torces and lemperature gradlants.

(d) The models are tolally unable 1o explain the “unmixing”

’ phenomenon which steepens gradients of average fiulg
properties rather than diminishing them.

in tho view of the present writer, the sabove defecis have a
common origin, namely neglect of the "spotlingss® of real turbulent
flows. The gqueslion therefore io be discussed is: How can the
major eflects ol the “spottiness” bo described by a mathemalticat
apparatus that Is stil not oo elaborate for praclical use?

1.2 A proposed shift of emphasis

(a) TYhe origins

Modern Ideas sbout turbulence have been greally Influenced by the
writings of Osborne Reynolds (eg Re!f 1) and Ludwig Prandll (eg
Ret 2). whose observations had led tham to conceive of turbulence
as lnvoiving a seml-random gxchange of matter. slmilar 10 that
onvisaged in the kinellc theory of gases. but on a3 larger scale.
The foliowlng quotations lustrate this.



Raynoids: : -
*The heat carrled off . . i1s proportional 10 the rale atl which
particles or molecules pass backwards and forwards (rom the
surface™. .(Prasent author’s llalles.)

Prand:i:
“’t Is now nacessary to make a usablo hypothesis for thae
mixing veloclty. w. The transvarse momantum assoctaled
with this velocity musl be constantly desiroyed by braking,
and constantly re—established”. (Presant suthor’s italics)

it Is a consequence of thls pre-occupation with mixing that
turbulent fluxes ol a scalar quantily are almost Invariably
exprossed. by analogy wilh Fick's law of diffusion and Fourler's law
of heat conduction. In terms of the gradlent of the corresponding
w:tensive property. Thus. {or heat transfer. tha taw:

Qg = —Agfr-grad T o LO.2-1)

is employed. along with tho supposition that Agy Is a
greater—than-zero measurg of the focal turbulent motion. Here
Qg Is the hoeat-flux vactor. Agfr 5 the eftective conductivity, and
T Is the time—mean lemparature.

So embedded Is . this nollon In current thinking that. when
experimenia) evidence bacomaeas incontrovertibie thal the so-dslined
Apff Is negative. the phrase °contra-gradient dliftusion® (Rel 3) is
applied to the-phenomeanon, which is regarded as anomalous.

{b) Jhe_ sliting phenomenon and Its Implicailons

o the view ol the present writar, normal. le “co—gradlent” dliffusion
is only one ¢« the two maln ways In which turoulont fluxes are
caused. the second. although It could bs called “non-gradient
diffusion”. Is beiller describaed as “sifting". This is the
phenomenon according to which intermingled fragments of (luid
differing In. say. denslly. move relallve to one anolher as a
consequence of a body-force flaela.

The sifing procass is mosl gaslly seen when surface teansion keeps
the two llulds apari. as when steam bubbles rise from the healed
bottom of a keillle. This is nol an exchange process: for the
bubbles rnise continuocusly: yeat H Is ‘undoubtedly assoctated with a
flux ol energy. |



The mathomatical exprossion for thae heat fiux assoclated wlih
sifling Is conveniently writlan as: -

Qg = constant <a> h' .$1.2-2)

which signilies that the ftlux <g>g depends upon the local
filuctuations of enthaipy. h'., and on the acceleratlon vector <a.
Similarly. U w-direction momentum transfer is In question. the

coniribution of siling to the shear-swress veclor <«r>g; may be
onprassed as:

R ‘Tl’s = mtmt ‘a) '. - o“ -2-3)

a term which may or may not have the same sign as the moro -
convenilonally deflned viscous contribution:

-"',d = ugff grad w C1.2-4)

Here w and W rapresent the time—avarage and Huctuating
components ot tongitudinal velocity.

() Circumstances in which “turbulent sifting” is signiticant

4 }) Bubble rise in a sauceaepan

In thg phenomenon just menlioned. it Is Important to emphasise.
the vertical-direclion lemperature gradlent Is very small; tor both
steam and waler arg at the saturaiion temperature corresponding to -
the local pressure. which varies negliglbiy over the smait helght
change '

Nor can enlhalpy or conceniration gradienils account for the bubble
molion: for the bubbles are moving towards the reglon of highest
steam conceniration. namely the top part ol the saucepan. not

away from H. The tiuld enthalpy there Is ol course highar than at
the botlom. :

(i) Rise of smoks Iin_ & r.éﬁm

i{ a fire starts on the floor in the corner of a rooem, flames and
smoke risg in a twrbulant manner. oflen forming a plumo of smoke
within which the naked eye can distinguish fragmenis of smoky gas
separaled by less opaque bodies of clear alr: yeot the layer of



smokg which tiows along the celling Is usually sepgrated from the
air below It by a sharp Interface: the llghter smoke fragments
have ficated upwards Ileaving the denser alr behind.

(i) Boundauy layers on cwved surfaces

When a turbutent boundary layer encounters and flows over a
convex surface. the pressure gradient along the normal to the
surface is positive, As a consequence. fragments of ftuld which
are {lowilng al a greater-‘han-—average veloclly are fiung outward.
whiie siower f{ragments are forced towards the wall, Theore 1Is
therefore. from this cause. a momentum transier outwards.
towards the reglon of higher velocity.

The momentum flow s reversed when the curved surface Is
concave: for the higher-velocily Iragmenis move towards the wall.
The mome-tum flux assoclated with slfiing has. in this case. the
same sign as that assoclated with turbulent mixing.

Clv) Flow In a cyclone

Simllar sifting flows occur In cyclone separators. That particles of
denser matsrial move preferentially outwards Is of course obvious:
it Is the raison d'etre of the apparatus. Loss wall-recognised Is
the fact that fluld particles having targer ciccumierential velocities
will migrate tc the larger radll. while the sliower—moving particles
move towards the cycione ads.

This steady transfer of kingtic energy to the outside Is presumably
tho reason for the observation that, in the PRanque-Hiisch tube
{which is a8 kind of cyclone). the larger—diameter cyiindrical wall
becomes much holter than the smalier—-diametler one.

v) Yurbulent combustion o! pre-mixed gases within a _duct

When a pre-mixed combugtible gas burns within a duct. the
density reductlon occasloned by the exothermic reaction occasions
a reduction In prossure with increase in distance along the duct.
This pressure gradlent causes the lighter burned gas to accelerate
mora than the heavier unburned gas. the former s therefore
“sifted” towards the ducl outiel. where however the average
temperature Is the highest. This is one of the besi—-documenied
examptes of “counter—gradient diffusion”; and measurements have
clearly revealad the fact thal the hot-gas fragments have higher
velocilies than the cold-gas aones (Reis 3.4.5).



(v} Sand stoims

A circumstlance In which diffusion and slfiing act In opposite
directions. . and mailntain an approximate balance. arises when a
strong wind blows over a sandy dasert. Then turbulent diflusion of
the Reynotds—Prandil kind carries sand particies from
high—-concentration ragions close to the ground to

lower-concentration regions higher up. while siiting effects a fiux
in the downward direclion.

It Is worth remarking that. In such a case. the scsle of the
tragments of upward-moving and downward-moving malerial Is
much larger than that of the sand particles: the sand-tauen alr
acls itke a singio-phase fiuid of non~—usiiorid donsity.

{cd) A_slmple forenulation of the sifting process

()  Yhe sHing flux

Let a turbulent filuid be taken as coasisting of fragments and
surrounding volumes of two kinds, distinguished by their having

dilterant donsliles. py and ps. and dillerent values of someo scalar
quantity ¢.

What wil now be proved Is thatl there is & fiyx of entitly ¢ in the
direction of the iocal body-force vector. which is proportional to
the differgnce 4y - ¢3. and notl to the grad'ent of either quantity:

the relative velocity U, le us - uy alcs entars. Here u stands for
the absolute veloclty.

The net tlux of &. viz Fgy. can be wrillen as:

Fg = ripjupd + ropgugen LLY.2=-5)

This can be re-written in terms o! the relative velocily and ol the
average velocily. densily and ¢. as follows: '

Fp = pud + {r1p1r29215) U (e ~ 0 )] : .41.2-6)

whoreln use has been made of the definitlons:

p MIPY  + Topd ' ' .1.2-7)



oU w Mpuy + rgpau;g : £1.2-8)

fb = C1PI®] + T2pdp .(V.2-9)

1esnn *rg | | .(}.2-10)
Equation (1.2-6) is easy fo lﬁtarpral: tne first tarm on the

right—-hand side represents the transfer of ¢ by the average mass
motion: and the second term represents the silting coniribution.

Further examination of that term shows that #t is linearly depoandent -
upon U and on (47 ~ $2). and also upon the product ryirp The
fatter. by reason of equation (1.2-10). f{alls to zero when either
component is absent. as is readily undarstood.

(> The relallve velocity. U

As wilil be explained In the next soction. the magnitude ol U can
be computed by soiving momentum equaticas or uy and u2
saparately. and then sublracting. Howavar. an approximate
formula can be obtained by neglecting all the terms in the
- momeantum equations excen! the pressure gradientl. the body-force
acceleration a. and the ntarfluld f{riction. as flollows. The
momentum equations reduce to: :

n{ - o a. -C ryro 5 "‘“U =0 L(1.2-11)
!

and rz[i?_ - p2 a. + C rmyro ;-: Wi, o L(1.2-12)
ax § l

whereln C represents an lnter-fluld frictlon factor. and £ LS a
measure of the fragment slze.

Additlion of tha two equatlions and relgrence to eéquatlion (1.2-73
lead to:

.a_r':-pa g
ax

213



whioreupon subatttution (n elther equatlion leads to:

—— — . SR ——— by ‘a—

Bivs -G (pp - 1) 2 a €V 2-14)

- A e be o —— e

This agquation Is also easy to understand: larger tragments move
tastar. bacausa the hody force operales on the voluma whajeas
the friction oparatos on the surlace area; and the velocity
dilference increasas with the densily dillerence.

The “cansiant™ C can be expected to increase when the fragment
size I8 small. o proportlon to the reciprocal of the Neynoids
nuimber 2f the ralative molion: "but tho assumption ol conslancy is
probably corract tor high-Reynoids—number flows,

(i) Whea p Is linear In ¢

Lol S¢ stand {or the sliting fiux of entity ¢. s0 thatl:

Se = (rjumirans/p) U (¢ ~ &) 1(.2-15)

and . p be ilanasr (o ¢. so that:

(pp - P1) — ploo-91) .€1.2-16)

Combiration of aquatlions (1.2-15). (1.2-16) and
(1.2-14) now ylaida:

Se = rirp 712 '[‘Efﬁl"'z [¢a - ¢1i3'2 L1217
s lc

Since Lt s alse poseible to relata (32 - &1) (O &°.
the rootl-mean square value of the fluctuations of ¢ by-

& = (r‘rz,'l/a 191 ~ 421 | L(1.,2-18)



Lile expression for the sifting flux n teres of ¢ Is:

— ——

Sy = (ryrgylse P02 [f_“[’“? ()72 G 219

This Is a tern which. in the present authoi's view. should oftea
app.ar In tha ditforential equation for ¢. whan this Is employed In
a turbulence model.

Ot coussa. Il can be used only when astimalr are avallable ol tha
fiyrp pioduct, of the lragmenl 3ize f. and of the (uctualion
intensity ¢°:  but this situation Is nol rare

(v} The slliing Hlux of momentum,. (0 flows with
_curved stteam lines

When a fluld having veloclly w Ioliows a palh having a radius of
curvature fA. Il experiences an acceleration w2/R normal to s
trajectosy.

it he above equations are re-worked for the shualion In which tha
density Is uniform but the two sels ol fiuld tragmenis have dilfering
velocilios. wj and wo. there resulls: -

Sy = ryropl (wp - wp) C L2 an
Wyl = GV (wa - wj) & WR (1221
and s0:
’ e /2
Sy = Fifop Joo twp - w3372 A1 2 29
on

Cor, in lerms of w':

— e e —— —

iw 172 o se
Sw = et/ pl_ ] (w372 AL.2 2
o on

ilara S, roprasents. ol course, a “siiing shont stioss™; and it s



intaresting to obcasve tha! Its magnilude depends upon w' white Iis

direclion is alwaya away from the centré of curvatlure. regardiess
of the diracilon of the gradient of w.

Once again. u=a of the equation requirgs ryra. ¢t and w' o be
ostimalad: but this Is often possible.

2. 1he_mathematical theory of the flow of two
intetpongtrating_continua

2.1 Background

During recant year=. It has begen neceassary 10 predict the motlon
of stramr and walar In the vessels and pipes o! pressurisad-waiar
systams expariancing hypothetical toss-of-coolant accidents Thls
nacasclly has causad allention to be concentrated upon how the
motions of (wo “intarpenetraling continua® can be repiesanted
numerically and compuled elficiently: and the problem of how to
do so has bsen solved.

The Hinrature of! tha subject! is now loo voluminous fc- summary:
but tha ploasating paper of Harlow and Amsden doserves speclal
mention (Aol 6): and thg present author has also made
contributions (aqg Fial 7).

As a conmaequanca of these developments. it is possible o
computa two-phasa fllow phenomana as readlly as single-phase
onas: and Indaad the abliity to do so Is now embodisd In a
generally-avallabla compwuter program (Relf B.9). which has been
used lor all ths auwmerical work alluded to beiow.

This has baan {ostunale: for it has permitied the development of
tha neaw two-Huld turbulence model to proceed without awalting the
conslryction of 3 new compulational toot.

in the loliowing saction. a brlgl Introduction to the theory will be
provided.

2.2 Mathemalical formulallon of the two-fluld model

(a) Delinitions

it Is suppasad that iwo fluids, 1 and 2. share occupancy of space
The propostions o! time durlng which sach can be expaciad lo

occupy a particular Iccation are the voiumse fractions. ry and ry.
which obay tha ralation”

rp + ro -1 {2 2-1)
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tiow the two flulds are distinguished from one anather is «  iary.
however. &t any locaiton and tima. all fragmenis balonging to fluld
1 are supposed lo have the same values ol tompetaliga. mass
fraclion of component chemical species. veloclly compananis. and
fragmaent slze. This assumplion af fluld hkeomogoually Is, of .
course. an ldealisatlon. al varlance with reailly: bul U may wall
fie closer to the truth than do the more comaontional single Huld
modais of tuebulent flows.

Ali the above fiuld properiies will be roprasoniad by the symbol 5.
where | takas the vaiue 1 or 2 according to the Huld.

it wili be supposeaed thit bolh ftulda have the same presswe al each
point, nal because the eaqualion system is signlllcantly slmplitiad
thureby. bul because no machanism enlalling a ditlerence of
prassure has been hypothasisaed so far.

(b}  Dillerentlal equalions

Mass balances. There arg two mass conservallan laws to

et i et i

oupress. They can both be writlan in the formn:

% (oL r +dlv (o T V) =@y _, (2 2 2)
at ‘

wherein t stands for time,
pL  stands for the denslty of fluld (.,
<Vy» stands for (ts vetoclty vector, and

@y stands for the rate of transfe:r ef mass itnto fturd
{ from the olher ftuld., with which it Is
intermingled.

in equation (2.2-2). instanlaneous values of o, r. V> and m are
in quesiion. Bocause # i3 impractical. In numerical catculation ..
to compute the most rapld llucivallons of thase quaniliins,
time-average quantitlus are proforable, In which case tha quantly
operated upon by dlv must he augmeniad by (). an alfaclivae
diffusion Hux. The equation ther becomes: '

f,_ (pg ) 1 div (p ry V| + D) = &y 223
at '

trom which, howevar. ovarbars signllylng tling avaraging hava boen
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ittadd 20 as o avnid nee tiess clutter.

& Jan tarm ropwasents thae dilferanca of oulllow from inflow
i tha thne dimansion: div ceprasants thal diiferanca alvng the
arce dimeasicns: and iy can be regardad as tho aagative of the
forance bhotvacn oulliow and Intlow along an  “latarfiuid
nanslon” # al these fiuxes ara denoted by G;. and OIV Is
linad a< a ganoralisalion ol div which makes reference o a3l
ais dimensions. egquation (2.2-3) can be tinally exprossed as:

DIV (G} — O (2. 2-4)

rlances of other quantitles. The above nomaacisture fachitatos
e comp=ct wiliing of the ditierential aquallon governing the
strsbut.on of the fuid property &. Tho aquation baccmox-

OIV (e, Gy? ~ oy .$2.2-5)

horaln ¢4 1= thae valumeli.c source of the eniity ¢ In phasa 1. aand
. s tha valuae of ¢ associaled with the flux which It mulliplias

t aspacial lmportance are the momentum equ-""~as. in which &
lands for a velocity cocmponeat. For these equatlnns, the
slumeaisic - <purce Quanlity ot consists primarily of
rossuwio-gtadlant, bhody-force. Iinlerfivid-Iriction and wall -friction
ums. Thus. lor the wvelocily uj. Wio esquation becomes:

OtV (uGyd = - vy (_'_E + by oL}
o

+ Ty (uy —ud = Tgw W ) .42.2-6)

ere:-  x is tho distance coordinate atignad with ug.
P is the prssure.
By = the Dady-force componant itn the x-directinn,
fij ts the volumetric Inter-fluld-frictlion caaffictent.
up = the local veloclty of tha other companent . and
fiw S the volumetric coeffliclent of frictlon
btatwaan fluld L and 3 nearby wail.

‘Prossura--padlent” _and other kinds of dillusion. Sacausa of tha
associatien of the fivld dersity np with each of the G on the
oft-handg =ide of sanation (2. .2-6). and of iis gon-associatinn wih




the presswe-gradlent larm on ke right hami side. tha eafflect ol
ghe pressure gradlenl on he velocily Compnaenis of the Iwo Hulds
ia varsely proporlional fo thelr denslilas Prossura  gifadisnis
cause e lwo flulds iheislne o Dave dilisiunl veleciilos. so thal
thay move selatlvely o one aecibgr.”

Y -
Reiative motion between lnlasmingled lulds casn also swsuil Gom
wrbulynl  difluston, I8 {fiom the random movemenis o  Iub
fragmasis. the nel magniiudes of which a1e ususily pioportosal ky
the gradient of concenttalion (I volume fiactiund  To disilngulst -
ithe fwo phenomena. thal caused by the preasus Qimiisnt will ba
hesn called “siiing™. as =spisined above. :

{cd Auxtilary relaillons

fnleriiuld iriclion. in osdar thal the  equallon ayslam si:ould e
“clgsed™. ie rendered complets enough I0r sob..on. mathamnatical
axpiessions must be devised for such Inler- flukd transpeel quraniities
as my and f. Since the present wrilar has discessed hoes«
gquestlons sisewherg (flels 10, 33, 12). § sulikes hare o indicale
whal {oimulae have been usad W the compulallons which witli be
presented below. -

The losmulallon used lor iy, which eppems o equaltion (2 2 6.
bs:

fry = cf €% pa IV - VI 220

in ihls formula. ¢ Is 8 dimensloniess constani. pe is Iha dansity
of the lighler of the iIwo Hulds: 8 ' s s amount ol
tiuld-fragmant Interiace area posr unll volume o space: Al
Vi - Vjl I3 e local tbno eversage relalve spaed o e luo
Blaslds

The area/volumng quantily. & '. is taken as LG Proporilosal o
the volume-hactlon produc] Firn. 50 thal i vanishes when aithoes
Hund disappears.

i more advanced work, a difisrential eguailon goversing ¢ L
formulaied and solved: In e present waik bowewes 8 ' has

been laken as preposilonal o the feclpiacal ©f ithe Lalesal
dunension o the flow.

inlgrituld mass Wrensier Ihe inlgr—luld mass ransie: p.ocoass has
bheaon presumad L proceed only i ong dlrectien. samely ftom
jaster tHuld i} 10 slowar (Huld 2¥. This is nol e only possibin
formulation: and mose synunaltical ones e bulng bhwesiigaled by
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the proecont weliar in other siludies.

The rate of mass ransier has been taken as Ciracily propasiional

W0 e inler Neid hictine factor. . the proporticnaiity factor being
In excess of enity '

Intarfiyld  _heal) wansles and dilflusion_of chemical species.
Conrductiva haal canslar and dilfusive ransfer of chemical <species

-betwaan the (wo lHuids bave beoen lakea &3 cbeying a taw simllar o
aquation (2.2-7T)_

d)  Soiution proceduwre
The solutions which arQ to be presenied of the above systam ol
equatiors hava baan obtzined by sirzightiorward sppiication ol the
PHOFNICS computer program (Safs 8. 9). There is thoralnrg no
naad 10 do morae harg. by way of descriptien of tha =zolution
procedurs. than o saclla the maln (gatures of what Is ombodiad In
PHOENICS Tha<o are: -

- Tha dilfleranlial aquations arg replaced by fully-consasvailve.
fully—tmpiic’l finita domain gquations. valid for & slaggered grid.

- Convaction lluras (lae all thosg represeniad by G in sauatlon
(2.2-4), are compulea from “vpwing™ values of ). oy sna &

= A Harztiva «<olgliogn procesdure Is adogpgiad which rasults In
the diminution o bhelow pre—sel Umits of ali the imbalancas In all
the tinle -domain squalions.

- A sullk lant aample of the computatlions Is reperied on
succassivaly finar grids (le with smalier and 3malier intarvals of
space and Ums) unill the physically-signilican! resulls are found to
ba Indapandent of the interval aize.

A full account of thae computational delalls will be provided In
*PHOFNICS  Damansiration Beports®™ from the lmpesial Col’sge
Computationsl Flund Dyasamics Unll.

2.3 Some_typical rusults from work o proqress

(a? Iho plane wake

M R Malln hxts been studying. under the authoc's directlon. the
application of tha 1two-fluid model of iurbulence o varlous
unboundad turbulant shear flows. These are dominateg by miixing
rather than =<iHiing: but it is navertheless Imporiant o wsiablish
that the modal will {if the avallable experimanial dala.

One raport of this work (Ref 13) relailes to the plane tusbulent
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wake. for which expeimential data are avallable fFig 23 t iIs

reproduced Lo he sapoil. which mus! be elesred W lor tull
aelalis.

Three temperalute proliles sre repressatea ln the diagiam. the
higher 1epreseanls the tempaiature of the hollas of the wo flulds.
which is also {aithough ilda Ix ot shown) the slowar moviag oae-
the ‘lowar represents tha temperature disuibulion of the
taster—moving fluid which s drawn into tha waka Nom the
surroundings: and the curive belwoen them repiusents the avaiagsd
wempacalure. woighted by he compuled volunes fractions.

Comparison s possible between measuraments and peediclions In
reospect of the upper hwo cuwiws: and R s vathaer satislaciory
The measusements relating 1o the upper cuive have Leen made. i
should be mentionad. by “condliloned sampting”

(b)) 1he axi-symmetrical jat

Fig 2.3-2. trom the same report. provides curresponding
compailsons for the axi-symmelic jel. iIn this case measurements
are s.allable for the tamparalure peciiles of the wnlter (now

faster-moviag) Huld. of the cooler (slowes) fluid. and of thae
aVerage.

' The agresement beiween prediclions and expoarimanis Is rathar

poorer than belora; but U Ia pramaluwre to algmpt o sacrthe a
Cause.

(c) A combustion study

The two-fiuid model ol turbulience is especiaily wall suiled 1o thea
representalion of combusilt © processes: lor it permlils explicit
sllowance to be made (o the facl that flamas consist of
‘Intersparsions of holter and colder {ragmanits ol gas and thal the
chamical reactlon raleo is aspacially aclive al iiw Lieriaces balwaan
fragmants )

Figs 2.3-4.5.6.7.8 and 9 conlain some iansuliz of a computathon
of whal may happen whan a shock wave. bhufuceod by ihe
obstructing of fiow In a pipe. tavels theough an interspaisios of
hot-gas lragmenis In 2 surrounding coidor cuombustibie gas Fey
2.3-3 skeiches the apparalus n quesiion.

Although reference must ba made to &8 mora complate report (Hal
14) lor a full gxplanation. H can perhaps be poarcelvad. by
inspection ol the J'agrams and lheir legends. thal:

- a pi*=-sue wave ul growing ampiliude pas=as . along the
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dgnel:
- tha wvalochy rdifference bDetwesn the hot and coid gas

increazes rexuiting In g “sifting™ of hot gas inte the
power - prasauta reglon:

- t Is in the seqglon where the velocily dilference 13 groealest

that the intaer fluld mass transier. and the reaclion rate. are
most vigorous '

(i) Other studies

The arihor's siludeantts and co-workers are pursulng further studles
in this zrea. Alteation Is being pald to: -

" turbulant Bows near walis:

furhulant «difheelr. » flames undesr free—convection condiilons:
2.ws in hydrocyciones:

lirws Induced by Rayleigh—Tavior lastabilities.

frposts 20 this wark are now beglaning to appesar. o e Hrst
instgece o the imparial Coillege CFOU Repost serios.

Tt 3 work psnceads slowly. becsuse the alm is to devsiop & singie
tw -fluid mndel which s cadable of fitting a large numhar of
div usa onparimental datla. However. progreas s being made.

3. . LOME_OPEN QU ,.JONS

YTho tvwi-1ind modal ol tusrbulent flows is not yet ready for
recomman-iation (e practising eng'neers 53 a reliable predictlive
00 fr . mlithough plausiblie—s@eeming pradictions have boeen
mage. and qualiiative agreement with experiment has baen
achhvmi in raspoct of leatures which other models cannot predict
at A 1 oare are many queastions stil to be answored. fame of

the nue<.dons to which the present author al!acm fmposiance will
hera bée fislad. They sre:—

(=) What = the ma-il @ sitable formulation for the (nter-tiuid
mass ‘ransfoar law 1 sgems cerlain that oarly prosumplions
of cms-way Wansis. (eg from slower 10 faster. or from
low-vo-ticity *.  high-vorticity) cannol. be  univarsally
sallciacic™ u! should the mass-transier rate cnanae sign
whon the dume fraction of & fivld allalas 0.5, or some

othet number dependent upan donsily ratde of olhar
dimaamsionisss quantity?

142 ] TTHE it suifice lo employ a single length scale which s
chariclasistic of both fluids? And.  so. how <hmild tha
iangl: icale be formulated to allow for the experimental
obse vations thatl largw hagments “swalow”™ small gne: when
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the sUling process 13 dominani. and aiso In sune Shaear -
tlows (eg the plane miking layer}, whuieas at wasy high
shear rales the avaiege lragment sire dimisishes

Although R seems wise to develop the model by use ol the
tull set of two-fluld equations. as dasciibad In saction 2 2.
i would be very deslrable to provide s mmatde! amploylng onty
he conventional single -flufi equallons with additional terms
for the sifting flux ® his is to be dune. what maans
should ba used for calculaling & . «ic. which appear in the
wapressions for UMs flux?

(d? Whal exparimental dala alieady esist. and what new
expetiments can uselully be devisad. which will ceuable the
as-yetl-unknown constanis and funaclions of he twe Hukd
model 10 be most easlly and accurately deduced?

(ed What role can computaticasl Huld dynamics play. when
appligd to fragment formation. -—distostion aund  Interacilon
processes. W eolucldale the unknowns In the twa Huld mminl
equatitns? And how can such & progiam o sivdy bast ba
tosmulated ~ asnd lunded?

L {7 Wil it indesed be po<sible W advance 1o tha polot nf
providing eaginears with a valuabie design tool wilhout
tncreazing 1he number of flulds considered bayond twe?
And. i not. what is he smallesl numiasr of Uulds wiilch will
sullice?

4. - CONCLUDING REMARKS

i is the present suthos's oplulon thal. despite the slowness of tha
prog:ess and the numbae of st unanswered quesilons, the
two-tiuld WWea can form 8 good basis (or futthwr advances

As o slowness of progress. I must be obsasved that
urbulence-modal devalopmant &t the single fiuid lavel has
stagnated n recont yeass. An Increasing numbor ol exparimanial
studles Is showiag the laadequacy o the k = model as formulalod
in he early 1870 s: yol generally valkd rellnamen!s and
improvemants have nuat been forthcoming: anc thn
Haynolds- siress-modelling approach. In tha wrllar's  oplieion,
increases the dillicultias of making gredictions withoat sigaificanily
tmproving helr quallty '

Becauss ahbility 1o pertonm two-lluld  calculallons  kas.  astl
secenlly. been conlined W0 A/ fow persons and nstitulions heavily
engaged In other workt. tho msa-power davolad o pursulng -
two—tiuid-modeiiiag has remalned small. Now however U is warlh
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mantioning. the fae avalabllily of PHOENICS to anademic
Institutions makas it possible for many mora Individuals and tgams
10 join In tha expitration of this aew branch of turhulgnce
rescarch, should thay wish (0 do so.
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‘Flgure 2.3-3.

‘(a)

{b}

{C)

Sketch ol a tubse containlng an Intergspersion ot hot
combustion products In cooler pre-mixed combustible gas.

nltlally both gases flow at equal veloclly from telt to right:

then a valve at the right-hand end closes. sencing a
pressure wave along the duct. Combustion Is thereby
intansified.

Sketch of the pressure and combustion wave trajeciories on
a distance—lime plane.

Sketch of Instantaneous prollies of prassure p. Interfiuld
mass—irainsier rate m. cold-gas velcily u). aand hot-gas
valocity uz. 1 ms alter closing of the vaive.
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